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In this research, the performance of the liquid-lubricated herringbone grooved journal 
bearings (HGJBs) is investigated by using the modified Elrod’s cavitation algorithm. 
By incorporating the JFO (Jacobsson-Floberg-Olsson, named after Jacobsson and 
Floberg, 1957; Olsson, 1965) theory and the Elrod’s algorithm, the modified Reynolds 
equation is used as the governing equation. Groove-shape-fitted grids are constructed 
and a coordinate transformation method is used to capture all of the groove boundaries. 
The modified Reynolds equation is transformed into the rectangular computational 
region. The finite difference discretizing method is used to discrete the equation and 
the Alternating Direction Implicit method (ADI method) is used to solve the equation. 
Symmetrical and asymmetrical two-layer HGJBs and multiple-layer HGJBs (the 
reversible and the four-layer HGJBs) are studied respectively. 
 
In the case studies of the symmetrical two-layer HGJBs, the herringbone grooves’ 
pumping effect and its influence on journal bearing’s stability is studied and analyzed 
carefully. It was found that, with the increase of the eccentricity ratio, the cavitation 
may occur in the fluid film of the HGJBs, similar with the plain journal bearings. 
However, at the same eccentricity, the cavitation of the HGJBs is much less when 
compared with plain journal bearings. When working at high rotating speed and low or 
non eccentricity, because of the herringbone grooves’ pumping effect, the HGJBs’ 
stability is much higher (free from the unstable condition: the half-frequency whirl), 
Summary 
vii 
than that of the plain journal bearings. 
 
For the asymmetrical two-layer HGJBs, the effect of the groove-length ratio and the 
groove-depth ratio on the HGJBs’ performance is investigated. It is found that, for the 
asymmetrical groove patterns, the pressure and cavitation distribution within the fluid 
film of the journal bearing is asymmetrical too.  
 
Lastly, for the multiple-layer HGJBs, the effect of the length-to-diameter ratio (L/D) 
and the eccentricity is studied for different groove patterns. It was found that, 
compared with the two-layer HGJBs, the multiple-layer HGJBs have significant 
advantages. The reversible HGJBs can rotate in either direction and they are always 
stable, regardless of the rotational direction. When the four-layer herringbone grooved 
journal bearing is in operation, there will be two pressure peaks along the axial 
direction of the journal bearing, which highly increases the journal bearing’s 
self-centered ability. Thus, the four-layer HGJB’s reliability and stability is much 









c   radial clearance 
e   eccentricity 
epsn  eccentricity ratio )(ε  
g   switch function 
h   film thickness 
h   dimensionless film thickness ( chh /= ) 
hg1,2 groove’s depth, the same as Hg1 and Hg2 
Hg  groove’s depth, the same as hg (shown in Fig.2-2) 
Hg1:Hg2  the groove-depth ratio for asymmetrical two-layer HGJBs (the same as hg1:hg2) 
L  length of journal bearing (L=L1+L2+L3+L4) 
L/D  length-to-diameter ratio (D=2R) 
L1,2,3,4 groove leg’s length as shown in Fig.4-1 
L1:L2 groove-length ratio for two-layer HGJBs 
L1:L2:L3:L4  groove-length ratio for four-layer HGJBs 
M  number of the total grid points in the x -direction 
N  number of the total grid points in the z -direction 
P    film pressure 
P   dimensionless film pressure ( 2)/)(/( RcPP ωµ= ) 
BP   ambient pressure 
Nomenclature 
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BP    dimensionless ambient pressure 
CP    cavitation pressure 
CP    dimensionless cavitation pressure 
R      bearing radius 
t   time 
t   dimensionless time ( tt ⋅= ω ) 
U,U1, 2 journal surface velocity )( R⋅ω  
gw   groove width 
rw   ridge width 
W   load capacity 
W   dimensionless load capacity 2 2( ( / )( / ) )W W R c Rωµ=  
x      coordinate in circumference direction 
x     dimensionless , ( / 2 )x x x Rπ=  
y      coordinate in fluid film thickness 
z      coordinate in axial direction 
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Greek symbols: 
α      groove angle    
β      bulk modulus 
β      dimensionless bulk modulus: 2( ( / )( / ) )c Rβ β ωµ=  
ε      eccentricity ratio (e / c) 
Nomenclature 
x 
ξ      coordinate axis in the transformed plane        
η      coordinate axis in the transformed plane 
θ      density ratio ( )cρ ρ  
µ      fluid viscosity 
ρ      fluid density 
cρ      fluid density at cavitation pressure 
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For rotating machineries, especially those operating at high speed, dynamic instability is 
one of the main problems. Factors that cause this kind of instability include the magnetic 
pulls, aerodynamic forces on turbine or compressor blades, gear impacts and others. In 
journal bearings, the lubricant films would originate the undesirable self-excited 
vibration, known as “half-frequency whirl”, in which the shaft orbits around the center 
of the bearing at a frequency approximately equal to half of the spinning or rotational 
velocity of the shaft, or a little less (Fuller, 1984). This is one of the most serious forms 
of instability encountered in journal bearing operation. Hagg (1946) showed that when 
the “half-frequency whirl” occurs, the capacity of the bearing to support radial loads 
falls to zero, which means that the pressure force (acting along to the line of centers, RF ) 
drops to zero. Thus, if the pressure force (normal to the line of centers, φF ) is not equal 
to zero, the attitude angleφ will be equal to 90°. 
 
Another problem which is often encountered in the application of hydrodynamic or 
liquid lubricated journal bearings is the cavitation, which is the disruption of what would 
otherwise be a continuous liquid film by the presence of a gas or vapor or both. 
Operating under some conditions, for the liquid lubricated journal bearings, the 
cavitation will occur in the fluid film when the pressure falls below atmospheric 
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pressure. According to Dowson and Taylor (1979), there are two types of cavitations: the 
gaseous cavitation and vaporous cavitation. Even though both of them are caused by the 
fall of pressure in the lubricant, the cause is different for each. For the gaseous cavitation, 
there are mainly two reasons for its formation. Firstly, when the sub-ambient pressures 
occur inside the lubricant, the gaseous cavitation will form because of the ventilation 
from the surrounding atmosphere. Secondly, when the liquid pressure falls below the 
saturation pressure, the gaseous cavitation will occur due to the emission of dissolved 
gases from solution. The vaporous cavitation, on the other hand, will form if there is a 
significant drop in pressure inside the lubricant leading to boiling of the lubricant at the 
operating temperature. In fact, the cause of most cavitation damage for a plain journal 
bearing is due to  the lubricant vapor accumulates in the bubbles and their sudden 
collapse In particular, bubble collapses against a solid surface leads to high stresses and 
usually causes wear (Wilson, 1974). 
 
Great efforts have been made to solve the problems of stability and cavitations in 
bearings, especially the herringbone grooved journal bearings (HGJBs). For example, 
some herringbone grooves are engraved either on the shaft or on the inner surface of the 
sleeve of HGJBs to prevent the formation of cavitations. This is because, when the shaft 
or the bearing rotates, because of the herringbone grooves’ pumping effect, the lubricant 
is pumped into the journal bearing along the grooves, and the pressure will be built up 
along the grooves. As a result, the lubricant’ pressure inside the journal bearing is much 
greater than those in plain journal bearings and thus prevent the formation of the 
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cavitation inside the journal bearings’ fluid film. The herringbone grooves’ pumping 
effect also increase the journal bearings’ stiffness and the dynamic stability against the 
self-excited half frequency whirl at high speed operations (Hirs, 1965; Bootsma and 
Tielemans, 1977). One application of HGJBs is for hard disk drivers (HDD) where strict 
requirements must be satisfied: high spindle rotational speed, big track density and low 
non-repeatable runout (NRRO). To satisfy these requirements, HDD designers use the 
fluid dynamic bearing spindle motors to replace the traditional ball bearing spindle 
motors. Compared with the traditional ball bearings, the HGJBs have considerably lower 
noise level, relatively higher stiffness and better stability, even though they are used in 
high rotational speed situation. The technique is very reliable, there will be almost zero 
non-repeatable runout and low noise (Bouehard et al., 1987). 
 
Study on HGJBs was probably started as early as 1965 by Hirs (1965) whose 
experimental findings are still widely referred to by many researchers today. It is Elrod 
(1981), however, who first developed a cavitation algorithm by incorporating the 
Jacobsson-Floberg-Olsson (JFO, named after Jacobsson and Floberg, 1957; Olsson, 
1965) theory into the Reynolds equation to analyze the journal bearings, especially for 
the HGJBs. Vijayaraghavan and Keith (1990a) later proposed a modified version of the 
model to predict the journal bearings’ cavitation. Such a modified model was recently 
used by Jang and Chang (2000) used this algorithm to analyze the factors of cavitation 
in hydrodynamic HGJBs and by Wan et al. (2002) to study the cavitation phenomenon in 
liquid-lubricated asymmetrical herringbone grooved journal bearings. Most recently, Lee 
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et al. (2002a,b) analyzed the herringbone grooves’ pumping effect and investigated the 
cavitation and pressure distribution; as well as the influence of the herringbone grooves 
on the stability of HGJBs. The later is done for both symmetrical and asymmetrical 
two-layer HGJBs. 
 
Most researches in the literature are however focused on two-layer HGJBs, and only 
limited work has been done on multiple-layer herringbone grooved journal bearings. 
Kawabata (1989) has proposed a regular and reversible rotation type herringbone 
grooved journal bearing. Besides investigating cavitation foot-prints in the two-layer 
HGJBs, Wan et al. (2002) also presented some of the cavitation foot-prints for 
multiple-layer HGJBs, which are based on a small cavitation pressure. 
 
Compared with the two-layer HGJBs, the three-layer HGJBs (known as reversible 
HGJBs) can rotate in either direction. In practical applications, this ability is very 
important. It allows the HGJBs to be used in the required direction of rotation. The 
ability to rotate in both directions means that the HGJBs are always stable because of the 
herringbone groove’s pumping effect, regardless of the rotational direction. 
 
The four-layer HGJBs can only rotate in one direction. However, by replacing the 
two-layer HGJBs with the four-layer HGJBs, the journal bearings’ reliability and 
stability become much better. This is because that, along the journal bearing’s axial 
direction ( z -direction), there are two pressure peaks which will highly increase the 
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journal bearings’ self-centered ability even if it works at the high rotational speed and 
low or zero eccentricity. Lee et al. (2002c) investigated the effect of the groove-length 
ratio and the length-to-diameter ratio on the performance of multiple-layer HGJBs. Liu 
et al. (2003) showed the visualization of cavitation footprints in the liquid-lubricated 
two-layer and multiple-layer HGJBs. More details about those are presented in Chapter 
3 and Chapter 4 in this thesis. 
 
1.2 Literature review 
1.2.1 Jakobsson-Floberg-Olsson cavitation theory 
Jakobsson and Floberg (1957) and Olsson (1965) proposed a set of moving cavitation 
boundary, which is now called as the JFO theory. According to this theory, the fluid film 
in journal bearings can be divided into two zones: one with a complete film in which the 
usual Reynolds equation applies, and the other one, which is caivtated, only a certain 
fraction, θ , of the film gap is assumed to be occupied by the fluid. This occupied space 
is presumed to consist of a multiplicity of liquid striations completely spanning the gap 
between the stationary and moving surfaces. In this theory, the most important point is 
that the fluid flows keep the mass continuity not only in the full-film zones, but also in 
the cavitated zones and at the interfaces between the full-film zones and the cavitated 
zones. Many case studies showed that, when this theory is applied to the numerical 
simulation of the journal bearings, the predicted results match the experimental data 
very well (Elrod and Adams, 1974; Elrod, 1981; Vijayaraghavan and Keith, 1990a and 
1990b; Jang and Chang, 2000; Wan et al. 2002). Thus this theory is well known as one 
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of the best theories which account for the flow physics of a fluid film: the rupture and 
the reformation. 
 
1.2.2 The cavitation models 
To avoid the detrimental effects of cavitation, it is very important to know when and 
where cavitation occurs in journal bearings. Recently, many researchers have carried out 
experimental and numerical studies of study the cavitation phenomenon, recently, some 
experimental studies and numerical studies were carried out by many researchers. Gas 
cavitation as well as vapor cavitation was observed by Jacobson and Hamrock (1983) by 
using a high-speed camera in dynamically loaded journal bearings. Lee and Pejovic 
(1996) found that gas cavitation bubbles can survive for a long time while vapor 
cavitation bubbles dissolve and disappear in less than a millisecond. Two different shaft 
surface materials were used to investigate the influence of surface tension on pressure 
built up and cavitation. It was found that no conclusive difference in the size and form of 
the vapor cavitation region was found for materials with different surface tension, but 
the fine inner structure within the vapor cavitation region was very different from 
different surfaces. 
 
Elrod and Adams (1974) derived a generalized form of Reynolds’ differential equation 
on the basis of JFO theory, in which the complexities of locating film rupture and 
reformation boundaries are avoided as this scheme automatically predicts cavitation 
regions and preserves mass continuity within all the fluid film for the liquid-lubricated 
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bearings. Several years later, Elrod (1981) modified the finite definite difference portion 
of the scheme, and presented a much better cavitation algorithm: the so called Elrod’s 
cavitation algorithm. In this computational scheme, by introducing the cavitation index, 
a “universal” differential equation is obtained by introducing the cavitation index and 
the equation can then be used for the whole fluid film of liquid lubricated journal 
bearings, including the full-film regions, the cavitated regions and the interfaces 
between them. This scheme automatically implements the JFO theory but with mass 
conservation being preserved within the whole fluid film. 
 
Vijayaraghavan and Keith (1989) proposed a modification to the Elrod algorithm by 
introducing a type differencing procedure. This procedure automatically switches the 
form of differencing (central or upwind) of the shear flow terms in the full film and the 
cavitated regions as required by the physics of the problem. Since it does not lead 
needing to resorted to trial and error, the modified scheme is deemed as an improvement 
on Elrod’s algorithm. Vijayaraghavan and Keith (1990a) later extended the work of 
Elrod (1981) and proved that an approximate factorization technique in conjunction with 
Newton’s iteration method for time accurate solutions can apply to both the steady and 
unsteady state conditions. The grid transformation and grid adaption techniques, 
presented by Vijayaraghavan and Keith (1990b) was stated to be more suitable for more 
complicated problems and for saving the computational efforts. An extension of 
transonic flow computational concepts was further developed in the analysis of cavitated 
bearings by Vijayaraghavan et al. (1991). 
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In Yu and Keith’s (1995) work, a boundary element method was applied to Elrod’s 
universal differential equation. Two confluent interpolation polynomials are used to 
simulate the rupture and reformation boundaries where the derivative of the fractional 
film content is discontinuous. It could better capture the cavitation boundary and thus 
considerably reduce the effects of the grid shape and density on the solution. Aligned, 
misaligned journal bearing as well as tapered, barrel and hourglass journal bearings are 
analyzed. 
 
In 1997, Mistry et al. proposed another new theoretical model, which was used to 
analyze the fluid film in the cavitation zone of a journal bearing. The fluid film rupture 
is included using the JFO condition while the reformation condition was modified to 
take account of the presence of a continuous sublayer of the lubricant film on the journal 
surface. The fluid flow behavior was modeled considering surface tension and 
centrifugal force. It was found that the thickness of the lubricant sublayer adhering to the 
journal surface is an exponential function of the speed while the eccentricity ratio rather 
than speed has a predominant effect on the width of the streamers in cavitation zone. 
 
1.2.3 Studies on two-layer HGJBs without considering the cavitation 
Recently, the herringbone grooved journal bearings (HGIBs) are regarded as the 
excellent replacement of the ball bearings in the spindle motors of computer hard disk 
drives (HDD). The research on HGJBs began very early. Hirs (1965) studied the load 
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capacity and stability characteristics of hydrodynamic grooved journal bearings, not 
only experimentally but also numerically. Even today, his experimental data are still 
referred to by many researchers. For the numerical studies of the HGJBs, the 
complexity of geometry especially the discontinuity on the interfaces between groove 
and the ridge is very difficult to deal with. Vohr and Chow (1965) proposed a narrow 
groove theory (NGT) for the infinite number of herringbone grooved, gas-lubricated, 
cylindrical journal bearings. They assumed the bearing geometry as a series of 
rectangular shaped steps so that the pressure distribution along the groove-ridge pair 
was assumed to be linear. Recently, Kobayashi (1999) analyzed both static and 
dynamic characteristics of herringbone grooved, gas-lubricated journal bearings using 
multigrid technique and NGT. Yoshimoto and Takahashi (2000), on the other hand, 
investigated theoretical pumping characteristics using the narrow groove theory for air 
lubricated HGJBs. 
 
Numerical simulations based on the NGT theory show that the NGT theory matches 
the test data accurately only at small journal eccentricity ratios and large number of 
groove-ridge pairs. Prediction for nonconcentric operation and finite groove numbers 
using the NGT results in inaccurately predicted load capacity and stiffness coefficients 
because of its inherent limiting assumptions. Therefore, several researchers have 
attempted to find solutions for finite groove numbers in HGJBs. Murata and Kawabata 
(1980) performed a two-dimensional herringbone grooved journal bearing analysis 
with a small load based on potential flow theory. The idea of a densely distributed 
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surface source had been successfully introduced to deal with the continuously varying 
film thickness. The calculations are carried out assuming an incompressible fluid and 
small eccentricity of the axis. 
 
Kang et al (1996) has carried out a numerical study on a case with eight 
circular-profile grooves on the sleeve surface. Their numerical results showed that, 
although the circular-profile groove is a little bit inferior to the rectangular-profile 
groove in both radial force and attitude angle, it is still much better than a plain journal 
bearing. The finite difference method is employed with a 96×50 unevenly spaced grids. 
Pressure and film thickness nodes are staggered to avoid the difficulty in describing 
abrupt changes in film thickness. The computational domain is bounded on half of the 
sleeve surface due to the symmetry. 
 
In 1998, by using the finite element method, Zirkelback and Andres investigated the 
static and dynamic response for the HGJBs with finite numbers of grooves. Their 
predictions agree well with the test data presented by Hirs (1965). Jang and Kim (1999) 
later calculated the dynamic coefficients in a herringbone grooved journal and thrust 
bearing considered five degrees of freedom for a general rotor-bearing system. 
 
Chen (1995) has proposed a self-replenishing asymmetrical hydrodynamic bearing, in 
which the groove length of the upper part and the lower part were arranged slightly 
different from each other so that a bi-directional localized axial flow of lubricating 
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liquid and substantially zero total flow could be produced by using pumping action of 
herringbone grooves. The bearing could then be designed as self-replenishing and can 
remove wear debris from the bearing surface without depleting the lubricant. 
 
1.2.4 Studies on two-layer HGJBs considering the cavitation 
As mentioned above, for the two-layer herringbone grooved journal bearings, most 
numerical studies did not consider the cavitation in the fluid film. For the liquid 
lubricated journal bearings under certain working conditions, however, the cavitation 
may occur in the fluid film not only for the plain journal bearings but also for the 
herringbone grooved journal bearings. Recently, some researchers began to consider 
the cavitation phenomenon within the herringbone grooved journal bearings. For 
example, Jang and Chang (2000) analyzed the performance of a herringbone grooved 
journal bearing in the spindle motor of a computer hard disk drive, including the 
effects of cavitation. In their paper, the Reynolds equation was solved by using the 
finite volume method. They examined the performance of the two-layer symmetrical 
journal bearings including the load capacity, the attitude angle, the bearing torque and 
the cavitation ratio of the fluid film, etc.) was studied for the two-layer symmetrical 
journal bearings.  
 
Wan et al. (2002) presented a numerical model to better describe the cavitated fluid 
flow phenomena in the liquid lubricated herringbone grooved journal bearings. By 
using an effective “following the groove” grid transformation method, the singularity 
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at the groove edges was avoided. The cavitation footprints of the herringbone grooved 
journal bearings was analyzed, for both the symmetrical and asymmetrical groove 
patterns respectively. 
 
1.2.5 Studies on multiple-layer HGJBs 
Few research works were done on the flow behavior of multiple-layer herringbone 
grooved journal bearings. Kawabata et al. (1989) proposed the reversible rotation type 
herringbone grooved journal bearing in which the shaft or the bearing can rotate in 
either direction. In their paper, the static characteristics of three-layer herringbone 
grooved journal bearings were investigated. They confirmed that the load capacity of 
this bearing and the radial load component did not differ greatly from that of a 
conventional bearing by incorporating NGT and Gumbel condition. Wan et al. (2002) 
also presented some of the cavitation foot-prints for the multiple-layer HGJBs based 
on a small cavitation pressure. 
 
1.3 Objective and Scope 
The objective of this work is to investigate the performance of liquid-lubricated 
herringbone grooved journal bearings including the load capacity, the attitude angle, the 
cavitation distribution and the pressure distribution. Both two-layer (symmetrical and 
non-symmetrical) and multiple-layer herringbone grooved journal bearings will be 
considered. 
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In this work, by incorporating the JFO theory and Elrod’s algorithm, the modified 
Reynolds equation is used as the governing equation. To capture all of the groove 
boundaries, the groove-shape-fitted grids are constructed and a coordinate 
transformation method is used. After the modified Reynolds equation is transformed into 
the rectangular computational region, the finite difference method is used to discrete the 
equation, and the Alternating Direction Implicit method (ADI method) is used to solve 
the equation. Based on this methodology, the symmetrical and asymmetrical two-layer 
HGJBs, the reversible HGJBs and the four-layer HGJBs are analyzed respectively. 
 
14 
Chapter 2  
Numerical Studies on Two-layer Herringbone Grooved 
Journal Bearings – Symmetrical Groove Patterns 
 
This chapter first introduces the numerical model and methodology for numerical 
analysis of on two-layer herringbone grooved journal bearings (HGJB) including the 
analytical model, the numerical method, the boundary conditions, and the convergent 
criteria.). Then, the model is used to analyze the HGJB with symmetrical two-layer 
herringbone grooves . The influence of the herringbone grooves’ pumping effect on the 
stability of the HGJBs is examined with respect to the plain journal bearings. 
 
2.1 Analytical model and numerical method 
2.1.1 Governing equation for the journal bearings considering the cavitation 
Depending on the assumptions made, different hydrodynamic equations can be 
developed in a model for a journal bearing.. In the study of journal bearings, the 
Reynolds equation in lubricant pressure is usually regarded as the mathematical 
statement of the classical theory of lubrication, which is obtained based on the 
assumptions as follows: 
(a) the medium is continuous; 
(b) the fluid is Newtonian; 
(c) the flow is laminar; 
(d) the body forces are negligible; 
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(e) the inertial forces are negligible; 
(f) no slip occurs between the fluid and the walls of the contact; 
(g) the general curvature of the contact is negligible; 
(h) the film thickness, measured along direction of y (Fig.2-1), is always very 
small as compared to other dimensions of the contact (this is the basic 
hypothesis of lubrication); 
(i) temperature, density and viscosity are constant across the film thickness; 
(j) the speed of one wall of the contact is tangential at every point on this surface 
(that is frequently found in lubrication (Fuller, D. D., 1984): which means that 
the lubricant’s speed is always tangential to the wall, thus no lubricant will flow 
into the wall ).  
 
With these assumptions, the two-dimensional form of Reynolds equation for the laminar 



























ρρρ                           (2.1) 
where h is the film thickness, P is the film pressure, ρ is the fluid density, and µ is the 
fluid viscosity (see the Nomenclature of this thesis). 
Equation (2.1) is a transient form of the model with the compressibility effect of the fluid being 
considered.  









µ                                     (2.2) 







∂= µ                                            (2.3) 
Eq. (2.1) is the expression of mass conservation: the first term on the left is the squeeze 
term, while the second and the third term are the net mass flow rate in the x -direction 
(i.e., the flow direction) and in the z -direction (i.e., the axial direction) respectively. 
As one can see from the equation, the second and the third term show that, the flow 
rate in the x -direction consists of a contribution due to the shear (Couette flow) and  
pressure (Poiseuille flow), whereas, the flow rate in the z -direction is solely due to 
pressure. 
According to the definition of the bulk modulus β , the fluid’s density field is related 
to the pressure of the fluid film by the relationship: 
ρρβ ∂∂= P                                                  (2.4) 
To satisfy the JFO theory, in which the pressure throughout the cavitated zone is taken 
as constant, a switch function g  and the non-dimensional density variable θ  are 
introduced. Then Eq. (2.4) becomes: 
θθρρβ ∂
∂=∂
∂= PPg                                              (2.5) 
and 
θβ lngPP c +=                                                 (2.6) 
where: 
 cρρθ /=  and 
 0,1 =< gθ  in the cavitated regions and  
1,1 =≥ gθ  in the full film region. 
Chapter 2             Numerical Studies on Two-layer Herringbone Grooved Journal Bearings—Symmetrical Groove Patterns 
17 



























βρθρθρ             (2.7) 
For the plain journal bearings (no grooves engraved in the surfaces of the journal or the 
bearing), the film thicknessh  (Fig.2-1) can be calculated by: 
)cos1( ϕε+= ch                                              (2.8) 
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ββωπ .  
Then the dimensionless film thickness becomes: 
ϕε cos1/ +== chh                                            (2.10) 
 
For the simplicity, here and after in this thesis, the bar notation “-” above the 
dimensionless variables will be dropped for all of the following analysis and equations; 
and for all figures (except Fig.2-1) in this thesis, the coordinate x  and z  is the 
dimensionless coordinate x  and z , also for the simplicity, the bar notation “-” is 
omitted. 
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2.1.2 Coordinate transformation 
2.1.2.1 General coordinate transformation 
Eq. (2.7) or Eq. (2.9) is the governing equation used in the numerical study for the 
plain journal bearings, in which, the cavitation phenomenon is considered. In this 
chapter, it is used in the numerical study of the herringbone grooved journal bearings. 
To accurately model the shapes of the herringbone grooves, the groove-shape-fitted 
grids are constructed: the grids are arranged along the slant grooves in the )( zx−  
plane (Figs.2-2 and 2-3). To simplify the computation, a coordinate transformation 
method – from the physical region )( zx−  to the rectangular computational region 
)( ηξ−  – is used: the x  direction is taken as the ξ  direction while the groove 
direction is taken as the η  direction.  
 
For the numerical studies of two-layer herringbone grooved journal bearings (shown in 
Fig.2-2): 
.0.1;0;0.1;0.1;0;0.1 ====== zxxandzzx ηηξηξξ  
thus: 















ff zzzz    
where ηξ zJx 1−= ; ξη zJx 1−−= ; ηξ xJz 1−−= ; ξη xJz 1−=   
and ξηηξ zxzxJ −=  is the Jacobian of the transformation. 
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Hence, for steady state, the non-dimensional Reynolds’ equation in the computational 





































































































h                                     (2.11) 
 
2.1.2.2 Treatment at the groove apex point 
Along the apex of grooves when groove edges change direction, there is a singularity 
of xξ since the values on the upper and lower part of this line are constants on each 
part, and have opposite signs between two parts. In our study, the coordinate 
transformation is done in the whole domain while the xξ value on the apex line is 
assumed as the average xξ value on the upper and lower grids that are next to the apex 
grids.  
 
2.1.3 Lubricant film thickness of the HGJBs 
The dimensionless film thickness for plain journal bearing in Eq. (2.10) can be further 











                                            (2-10a) 
where the eccentricity ratio: ce /=ε  varies between 0 and 1, and xπϕ 2= . 
For herringbone grooved journal bearings, Eq. (2.10) is applicable at ridges. The film 
thickness at grooves is then, 
)2cos(1 xhh g πε++=                                          (2.12) 
Hence the film thickness can be written as the addition of two functions: 
)()( xhfh += ξ                                 (2.13) 











)(ξ                          (2.14) 
and the second function is: 
)2cos(1)( xxh πε+=                                            (2.15) 
The first order derivatives of the film thickness are obtained:                  
ξξξ xxhf
h ⋅+=∂
∂ )()( ''                         (2.16) 
ηη xxh
h ⋅=∂
∂ )('                          (2.17) 
)2sin(2)(' xxh ππε−=                                        (2.18) 
Fig.2-4 exemplifies the non-dimensional film thickness distribution along the 
circumferential direction for the plain journal bearing and herringbone grooved journal 
bearings respectively. 
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In the fluid film of HGJBs, the thickness h is discontinuous, Eq. (2.12) to (2.18) 
present its function and some spatial derivatives. In our study, the steep groove-ridge 
boundary is assumed as a slope. It is reasonable to make such assumption since real 
flow cannot be infinite steep along a real wall due to viscosity. 











Thus all the h and its spatial derivatives are obtained in the whole domain. 
 
2.1.4 Numerical method 
As in other numerical studies on journal bearings (for example, Jang and Chang (2000); 
Wan et al. (2002)), the fluid film is unwrapped around the circumferential direction 
(Fig.2-2), and the Reynolds equation is solved in a two-dimensional domain. Eq. (2.1) 
shows that the flow in x -direction consists of two parts, one part is due to shear 
(Couette flow) and the other part is due to pressure gradient (Poiseuille flow), while the 
flow in the z -direction is due to the pressure gradient (Poiseuille flow) only. 
 
In this research, the finite difference method is used to discretize the governing 
equation. For the pressure flow terms, many symmetric numerical methods, such as the 
central finite difference method and Galerkin finite element method, can be used. 
However, for the shear flow, because the physical information is transferred from the 
upstream to the downstream, it is a non-symmetrical problem in space, which means 
that: those symmetrical numerical methods have some intrinsic difficulties in coping 
Chapter 2             Numerical Studies on Two-layer Herringbone Grooved Journal Bearings—Symmetrical Groove Patterns 
22 
with the shear terms of the equation. Conversely, the upwind scheme, in which the 
numerical information is propagating from upstream to downstream conforming to the 
physical phenomenon, is very powerful to deal with the shear terms. So, in this study, 
the central difference method is used to discretize the pressure flow terms, and the 
second order upwind scheme is used to discretize the shear flow terms. For example, in 


















As shown in Eq. (2.11), the present problem is simplified into a two-dimensional 
problem. Once the discretization is completed, the equation is solved by using an 
iterative method called Alternating Direction Implicit (ADI) method. In this approach, 
each time step is split into two parts. In the first part, all rows are implicitly solved by 
using the available values of the variables at the previous step. In the second part, all 
columns are solved implicitly by using the available values of the variables obtained 
from the first part. A four-stage Runge-Kutta (R-K) method was also tried, but it was 
found that the ADI method was more efficient and stable than the R-K method. 
However, in our calculations, even if we used the ADI method, some instability may 
occur if the time step is too large. In the other words, if we choose a proper time step, 
the ADI method is stable. 
 
2.1.5 Boundary conditions and convergence criteria 
In this study, only the submerged journal bearing is considered: the journal bearing is 
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submerged where the lubricant supply is assumed to be sufficient. At both ends of the 
journal bearing along the axial direction ( z -direction), the pressure is atmospheric, 
which means that for Eq. (2.11), at the two ends of the bearings, the pressure is equal 




(PC is the cavitation pressure and β is the lubricant’s bulk modulus.) 
 
In circumferential direction ( x -direction), the boundary condition is periodic since the 
rectangular computational domain is developed from a cylinder. 
 
To obtain the steady state solution, a time march is performed until the convergence 











where KjiR ,  is the residual of the K
th  iterative cycle. And )2(*)1( −−= MNNM  is 
the number of total grid points. 
 
2.1.6 Load capacity and attitude angle 
When the pressure and velocity fields of the fluid film are known, the load capacity W  
and the attitude angleφ can be calculated by using the following formulae: 
 22 RFFW += ϕ                                              (2.19) 
 )/(tan 1 RFFϕφ −=                                    (2.20) 
where RF  is the pressure force acting along to the line of centers, and ϕF  is the 
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pressure force normal to that line. 
       ∫∫=
S
dxdzPF ϕϕ sin                                          (2.21) 
       ∫∫=
S
R dxdzPF ϕcos                                          (2.22) 
 
2.2 Validation of the computational program 
Based on the equations and methodology mentioned above, a computational program 
is built up to study the performance of the journal bearings. To validate this program, 
two cases (Table 2-1) are studied and the numerical results are compared with the 
experimental data respectively. 
 
First, a case of plain journal bearing (no grooves on the surface of the shaft or bush) is 
introduced and the numerical results are compared with Jakobsson and Floberg’s (1957) 
experimental data. Table 2-1 (case 1) presents the experimental operating conditions, 
which were detailed in Brewe’s paper (1986). Fig.2-5 shows the circumferential 
pressure distribution at an axial location: the axial distance )( L∆  equal to D)51( , 
which is compared with the experimental data. This figure shows that the numerical 
results match well with the experimental data. 
 
For HGJBs, a typical case (case 2, Table 2-1, detailed in papers of Hirs (1965) and 
Jang and Chang (2000)) is studied and the predicted load capacity is shown in Fig.2-6. 
This figure shows that, for HGJBs, with the increase of eccentricity ratio, the load 
capacity will increase, just like the experimental data, which were given by Hirs (1965). 
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This figure also shows that for the HGJBs, the numerical results match the 
experimental data very well. 
 
2.3 Grid dependent study for the two-layer HGJBs  
For the time-consuming numerical studies, in order to get the accurate solutions and 
save the CPU time as well, it is very important to determine the proper mesh size. In our 
research, for the two-layer HGJBs, the grid independent test is carried out on grid points 
129x11, 129x21, 129x31 and 65x21, 97x21, 129x21, 161x21 along the z -direction and 
the x -direction respectively. The geometrical and operating conditions are shown in 
case 3 (Table 2-2), and the eccentricity ratio is equal to 0.80. Table 2-3 shows that, in the 
z -direction, the difference (the error) on the load capacity, attitude angle and maximum 
pressure between 21 and 31 points is negligible. In x -direction, the error on the load 
capacity, attitude angle and maximum pressure between 129 and 161 points is negligible 
also. Hence, further numerical studies for the two-layer HGJBs are based on 129x21. 
 
2.4 Studies of the pumping effect of herringbone grooves 
As shown in Fig.2-2, in the two-layer HGJBs, there are two “legs” for each 
herringbone groove:  AB and BC. For the convenience in analyzing the journal 
bearings’ performance, we divide the two-layer herringbone grooved journal bearing 
into two parts along the line of the apexes (the dashed line Fig.2-2): Part I and Part II. 
In symmetrical HGJBs, the geometric parameters in these two parts are the same. So, 
for symmetrical herringbone grooved journal bearings, we have: 21 LL = , 21 αα = , 
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21 gg hh = . While in non-symmetrical herringbone grooved journal bearings, one or 
several geometrical parameters are not the same between Part I and Part II. In this part 
of our project, a symmetrical HGJBs case (case 3 in Table 2-2) is introduced to study 
the herringbone grooves’ pumping effect. In this case, the geometrical and operating 
conditions are similar with case 2 (Table 2-1), except that the eccentricity ratio is 
variable. In order to compare the stability between HGJBs and plain journal bearings, a 
case of plain journal bearing (case 4 in Table 2-2) is introduced. The geometrical and 
operating condition is similar between case 3 and case 4, except that in case 4, no 
grooves on the journal or bearing’s surface (so called plain journal bearings or 
Plain-JBs), while in case 3, herringbone grooves are engraved on the outside surface of 
the shaft or on the inside surface of the bush (so called herringbone grooved journal 
bearings or HGJBs). The numerical results are showed in Figs.2-7 to 2-14. 
 
2.4.1 The stability analysis of HGJBs and plain journal bearings 
For rotating machineries, especially those operating at high speed, the instability is one 
of the main problems. There are many factors which may cause the rotating machine’s 
instability, such as the magnetic pulls, aerodynamic forces on turbine or compressor 
blades, gear impacts etc. In journal bearings, the lubricant films themselves might 
originate the undesirable self-excited vibration, known as “half-frequency whirl”, in 
which the shaft orbits around the center of the bearing at a frequency approximately 
equal to half of the spinning or rotational velocity of the shaft, or a little less (Fuller, 
1984). In journal bearings’ operation, this is one of the most serious forms of instability, 
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which will cause destructive damage to the journal bearings. Hagg (1946) showed that 
when the “half-frequency whirl” occurs, the capacity of the bearing to support radial 
loads falls to zero, which means that RF  (the pressure force acting along to the line of 
centers, Eq. (2.22)) equals to zero. Thus, if ϕF  (the pressure force normal to the line of 
centers, Eq. (2.21)) does not equal to zero, the attitude angleφ will almost equal to 90° 
(Eq. (2-20)). 
 
For the cases studied (case 3 and case 4 in Table 2), the numerical results of attitude 
angle are presented in Fig.2-7. This figure shows that for the plain journal bearings 
(Plain-JBs), the unstable condition – the half-frequency whirl – will occur at small 
values of the eccentricity ratio (ε ), because the attitude angle is almost 90° when ε  is 
very small ( 36.0≤ε  in case 3 of Table 2-2). And for the Plain-JBs, with the increase of 
eccentricity ratio (ε ), the attitude angle will decrease. When ε  equals to 0.50, the 
attitude angle reaches about 81° .  
 
On the other hand, for the HGJBs, Fig.2-7 shows that even the eccentricity ratio is very 
small (for example, 02.0=ε ), the attitude angle is about 81°, much smaller than 90°. 
With the increase of eccentricity ratio (ε ), the attitude angle decreases also. This figure 
shows that for the HGJBs, the unstable condition – the half-frequency whirl – will never 
occur. This is one of the main advantages of herringbone grooved journal bearings: 
compared to plain journal bearings, the herringbone grooved journal bearings are much 
more stable. 
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2.4.2 The pressure and cavitation distribution of HGJBs and plain journal bearings 
2.4.2.1 Pressure distribution at small eccentricity ratio 
For the symmetrical HGJBs and plain journal bearings (Plain-JBs), when they work at 
small eccentricities ( 10.0~02.0=ε , Table 2-2, case 3 and case 4), inside the fluid film 
of the journal bearing, the pressure distribution is different from each other. Fig.2-9 is a 
three-dimensional figure which shows the dimensionless pressure distribution in the 
unwrapped geometrical region for HGJBs and Plain-JBs respectively. Fig.2-10 shows 
the dimensionless pressure profiles along the middle line (the dashed line, Fig.2-2) in the 
circumferential direction, for HGJBs and Plain-JBs respectively. 
 
Figs.2-9 and 2-10 show that, at small eccentricity ratios (for example, 0.1≤ε ), the 
herringbone grooves’ pumping effect is very evident: lubricant is pumped inward the 
journal bearings along the herringbone grooves, and then, inside the journal bearing’s 
fluid film, the pressure is built up in the grooves. Figs.2-9 and 2-10 also show that, for 
HGJBs, the pressure is generated even in the divergent region of the bearings’ fluid 
film (the fluid film’s pressure is higher than the boundary pressure in the grooves), and 
when the eccentricity ratio tends to zero, the pressure distribution becomes periodic 
(Figs.2-10 and 2-11). On the other hand, for Plain-JBs, no pressure is set up in the 
divergent region of bearings’ fluid film, when the eccentricity ratio tends to zero, the 
pressure distribution becomes zero (unstable conditions of half-frequency whirl). This 
is why there is half-frequency whirl for plain journal bearings, but no half-frequency 
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whirl for herringbone journal bearings, even the eccentricity ratio is very small.  
2.4.2.2 Pressure and cavitation distribution at medial and large eccentricity ratio 
Figs.2-12 and 2-14 present the pressure and cavitation distribution at medial and large 
eccentricity ratios, for the HGJBs and Plain-JBs respectively (Table 2-2, case 3 and 
case 4). Fig.2-13 shows the cavitation ratio’s variance due to the eccentricity ratio, for 
the HGJB and Plain-JB respectively. 
 
As shown in Fig.2-12, with the increase of eccentricity ratio, the maximum pressure in 
the fluid film of journal bearings will increase. When the eccentricity ratio increases to 
some critical value, the cavitation will occur in the fluid film, even though this value is 
not the same between the HGJBs and Plain-JBs. 
 
For the liquid lubricated journal bearings, inside its fluid film, the cavitation is often 
caused by the fall of pressure in the lubricant. However, for the HGJBs, because of the 
herringbone grooves’ pumping effect, the pressure is generated inside the grooves, even 
in the divergent region of the bearings’ fluid film. So, inside the fluid film of the HGJBs, 
this kind of pressure (generated due to the herringbone grooves’ pumping effect) can 
prevent the formation of cavitation, or reduce the area of the cavitated region to some 
extent, as shown in Figs.2-13 and 2-14. Fig.2-13 shows that for plain journal bearings, 
the cavitation begins to occur in fluid film when the eccentricity ratio is about 0.36, 
while, for HGJBs, there is no cavitation until the eccentricity ratio is bigger than 0.67. 
Fig.2-14 shows that, once the cavitation occurs in the fluid film, at the same eccentricity 
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ratio, the area of the cavitated region is different between the HGJBs and the Plain-JBs: 
the cavitation region of HGJBs is much less than that of the Plain-JBs. 
 
2.4.3 The load capacity analysis of HGJBs and plain journal bearings 
The load capacities of HGJBs and plain journal bearings (Plain-JBs) are shown in 
Fig.2-8. For HGJBs, this figure shows that, the load capacity increases with the increase 
of eccentricity ratio, just like the Plain-JBs. However, the variation is relatively smaller 
than that of the Plain-JBs. Table 2-2 and Fig.2-8 show that, if both of the herringbone 
journal bearing and the plain journal bearing have the same geometrical and operating 
conditions (except that there are grooves in HGJBs), at the same eccentricity, the load 
capacity of the Plain-JB is bigger than that of the HGJB.  
 
As analyzed in the last section, because of the herringbone grooves’ pumping effect, 
inside the journal bearing’s fluid film, the pressure is built up along the herringbone 
grooves, even in the divergent zone (Fig.2-1). Thus, at the same eccentricity ratio, for 
HGJBs, the pressure in the divergent zone is much higher than that of the Plain-JBs. 
Even though in the convergent zone, at the same eccentricity ratio, the pressure of 
HGJBs is higher than that of the Plain-JBs, however, the integrated results are that at the 
same eccentricity ratio, the load capacity of HGJBs is smaller than that of the Plain-JBs. 
In fact, according to Eq. (2.19) to Eq. (2.22), we can get the calculated results. 
 
With the increase of eccentricity, the difference of load capacity between the HGJBs and 
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Plain-JBs increases very quickly. For example, as shown in Fig.2-8, when 10.0<ε , the 
difference between the HGJBs’ load capacity and Plain-JBs’ load capacity is very small; 
when ε  increases to 0.80, the difference becomes very large. This is because that, once 
the cavitation occurs in the fluid film, with the increase of the eccentricity ratio, the 
difference between the HGJBs and Plain-JBs in cavitation ratio increase also. The 
integrated result shows that the difference of the load capacity (according to Eq. (2.19) 
to Eq. (2.22)) between HGJBs and Plain-JBs increases with the increase of eccentricity 
ratio. So, in terms of load capacity, for the light loaded journal bearings, the difference 
of HGJBs and Plain-JBs is very small, however, for heavy loaded journal bearings, the 
plain journal bearing may be better than the HGJBs, because at the same eccentricity, the 
Plain-JBs’ load capacity is bigger than that of the HGJBs. 
 
2.5 Concluding remarks 
In this chapter, a modified Elrod’s algorithm is used to study the performances of the 
symmetrical two-layer herringbone grooved journal bearings and the plain journal 
bearings. Four cases (Table 2-1 and 2-2) are studied in this chapter.  
 
Table 2-1 and 2-2 show that in our study, the lubricant’s viscosity is assumed as 
constant. However, in practical application, with time goes on, the viscous work in 
lubrication leads to heat generation that may result in temperature changes. Generally, 
these temperature changes will affect both density and viscosity of the lubricant. Here 
and after, in our study, we assume that the variation of lubricant’s density and viscosity 
caused by viscous work can be ignored. In other works, the lubricant’s density and its 
viscosity are assumed to be constant.   
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With the increase of the eccentricity ratio, the load capacity will increase, while the 
attitude angle will decrease, both for the HGJBs and Plain-JBs. However, the variation 
(due to the eccentricity ratio) of the load capacity and attitude angle of HGJBs is much 
less than that of the plain journal bearings (Figs.2-7 and 2-8). 
 
For the HGJBs, by adding herringbone grooves on the surface of journal bearings, the 
fluid is pumped inward the journal bearings along the grooves, then the pressure is built 
up along the grooves, even in the divergent region of the bearings’ fluid film. Compared 
with the plain journal bearings, one side, this kind of pressure (generated due to the 
herringbone grooves’ pumping effect) can prevent forming cavitation in the fluid film 
and increase the journal bearings’ stability. For the HGJBs, when the eccentricity ratio 
tends to zero, the pressure distribution becomes periodic, which contributes to its 
stability: no “half-frequency whirl” in HGJBs. On the other side, it also causes the 
decrease of the corresponding maximum pressure (compared with the Plain-JBs) in the 
fluid film, and causes the journal bearings load capacity to decrease. 
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Chapter 3  
Numerical Studies on Two-layer Herringbone Grooved 
Journal Bearings – Asymmetrical Groove Patterns 
 
This chapter presents the numerical results for the asymmetrical two-layer herringbone 
grooved journal bearings. We emphasize the effect of the groove-length ratio and 
groove-depth ratio on the performance of the bearings.  
 
3.1 Introduction: asymmetrical HGJBs 
For the two-layer herringbone grooved journal bearings (Fig.2-2), along the line of the 
apexes of the grooves (the dashed line in Fig.2-2), the herringbone grooves can be 
divided into two parts: Part I and Part II. Each part has its geometrical parameters: the 
groove length (L1 and L2), the groove depth (hg1 and hg2), and the groove angle 
( 21 αα and ), etc. For the symmetrical groove patterns, these geometrical parameters 
are the same for two parts. However, for the asymmetrical groove patterns, one or two 
or several parameters may be different between Part I and Part II. In this chapter the 
effect of the groove-length ratio (L1:L2=AB:BC, Fig.2-2) and the groove-depth ratio 
(hg1:hg2) on the performance of the asymmetrical HGJBs is studied respectively, 
which means that, between Part I and Part II of the HGJBs (Fig.2-2), the groove length 
or groove depth may not be the same (L1 ≠ L2 or hg1 ≠ hg2), while others are the same.  
 
The herringbone grooved journal bearings work based on the hydrodynamic 
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lubrication theory and the viscous pump theory (Fuller, 1984). Different geometrical 
parameters between Part I and Part II (for example, L1 ≠ L2 or hg1 ≠ hg2) means the 
grooves’ pump effect is different between Part I and Part II. Thus by arranging the 
groove length (or the groove depth or groove angle, etc.) properly, a self-replenishing 
hydrodynamic bearing can be designed, in which the wear debris can be removed by 
the flow of the lubricant without net depletion of lubricating liquid and consequent 
starvation of the bearing. It is possible that, by arranging the groove length (or the 
groove depth or groove angle) properly, a net liquid pumping effect toward the upper 
part (Part II in Fig.2-2, for example) of the bearing might compensate for the effect of 
the lubricant’s gravity in vertical journal bearings to achieve the leakage free bearings. 
 
3.2 Numerical method and boundary conditions 
As the numerical studies of the symmetrical two-layer HGJBs, the simplified 
two-dimensional Reynolds equation (Eq. (2.7) or Eq. (2.9) or Eq. (2.11)) is used as the 
governing equation for the numerical study of the asymmetrical HGJBs. Again, in 
order to accurately to model the complex geometry of the groove patterns, the 
groove-shape-fitted grids are constructed and the coordinate transformation method is 
used to simplify the computation. 
  
The items in Eq. (2.11) are discretized by using the finite difference method: the shear 
flow terms are discretized by the second order upwind scheme while others by the 
central difference scheme. Then the ADI method is used to solve the equation. The 
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convergence criteria and the boundary conditions are the same with what stated in 
Chapter 2. 
 
3.3 Results and discussion 
To study the performance of the asymmetrical HGJBs, two different cases (Table 3-1) 
are introduced, in which the geometrical and operating conditions are based on the 
case 2 of Table 2-1. The numerical results are presented and discussed below. 
 
3.3.1 Effect of groove-length ratio on asymmetrical two-layer HGJBs 
As shown in Fig.2-2, in the two-layer HGJBs, there are two “legs” for each herringbone 
groove: AB and BC. For the symmetrical groove patterns, leg AB and leg BC have the 
same length, which means that the groove-length ratio is equal to each other (L1:L=L2:L, 
or L1:L2=0.50:0.50, L is the total length of the journal bearings, L=L1+L2). For the 
asymmetrical HGJBs, leg AB and leg BC may have different length. In this part, a case 
(case 5, Table 3-1) was used to study the effect of groove-length ratio (L1:L or L2:L or 
L1:L2) on the performance of asymmetrical two-layer HGJBs. The numerical results are 
presented in Figs.3-1 to 3-4. 
 
3.3.1.1 The pressure and cavitation distribution due to the groove-length ratio 
The pressure and cavitation distribution are shown in Figs.3-1 to 3-3. Fig.3-1 presents 
the pressure distribution along the groove direction at 9817.02 =xπ  (or 15625.0=x ), 
when the eccentricity ratio is varied from 0.02 to 0.80 and the length ratio (L1:L) 
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changes from 0.50 to 0.70 (L1:L+L2:L=1.0). Figs.3-2 and 3-3 show the pressure and 
cavitation distribution in the unwrapped geometrical region due to different 
groove-length ratio when the eccentricity ratio is equal to 0.80. 
 
For liquid-lubricated journal bearings, when the eccentricity ratio is not equal to zero, 
the fluid film is separated into two regions: the convergent region and the divergent 
region. In this case, the groove where 9817.02 =xπ  (or 15625.0=x ) in the x  axis 
(Fig.2-2) is located in the convergent region. Fig.3-1 shows that, at a constant 
groove-length ratio, along the same groove, the dimensionless pressure increases with 
the increase of eccentricity ratio. At the same eccentricity ratio, along the groove, the 
peak pressure is always reached at the apex of the herringbone grooves when the 
groove-length ratio (L1:L) changes from 0.50 to 0.70. 
 
Figs.3-1 and 3-2 show that, in the convergent region of the fluid film, along each groove, 
the maximum pressure is always located at the apex point. In asymmetrical two-layer 
HGJBs, along the groove’s direction, with the increase of the groove-length ratio, the 
pressure gradient of Part II is no longer equal to that of Part I (as shown in Fig.3-1). 
When L1:L changes from 0.50 to 0.70, the pressure gradient of Part II will be bigger than 
that of Part I, this difference between them will increase with the increase of L1:L. With 
the increase of L1:L, the cavitated region will be mainly located in Part I of the fluid film, 
as shown in Fig.3-3. 
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3.3.1.2 The load capacity and attitude angle due to the groove-length ratio 
Fig.3-4 shows the variance of dimensionless load capacity and attitude angle due to the 
variance of the groove-length ratio and the eccentricity ratio. This figure shows that, 
when the eccentricity ratio (ε  or epsn) is not very large ( 60.0≤ε , for example in this 
case), the asymmetrical HGJBs’ dimensionless load capacity and attitude angle almost 
remain constant (at a constant eccentricity ratio), even though the groove-length ratio 
(L1:L) changes from 0.50 to 0.70. It means that the influence of groove-length ratio on 
HGJBs’ dimensionless load capacity and attitude angle can be ignored. On the other 
hand, when the eccentricity ratio increases to 0.80, the influence of groove-length ratio 
on HGJBs’ dimensionless load capacity and attitude angle can not be ignored. The 
numerical result shows that, when 80.0=ε  and the groove-length ratio (L1:L) changes 
from 0.50 to 0.70, the HGJBs’ dimensionless load capacity reaches its maximum about 
at L1:L=0.61, and its attitude angle reaches its minimum about at L1:L=0.64. 
 
3.3.1.3 Discussion 
In this part, the influence of the groove-length ratio on the performance of asymmetrical 
HGJBs is studied. The groove-length ratio (L1:L, varying from 0.50 to 0.70) and the 
eccentricity ratio (varying from 0.02 to 0.80) are considered. From the perspective of 
dimensionless load capacity and attitude angle, at a constant eccentricity ratio ( 60.0≤ε ), 
the influence of groove-length ratio (L1:L) is very small (Fig.3-4). However, the pressure 
distribution shows that the influence of the groove-length ratio is very evident: at the 
same eccentricity ratio, along the groove, the peak pressure is always reached at the apex 
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of the herringbone grooves (in the convergent region of the fluid film) when the 
groove-length ratio (L1:L) changes from 0.50 to 0.70. And when the eccentricity ratio 
increase to some values, the cavitation will occur in the fluid film, thus, not only the 
pressure and cavitation distribution of the fluid film, but also the load capacity and 
attitude angle of HGJBs show that the influence of groove-length ratio can not be 
ignored. 
 
3.3.2 Effect of groove-depth ratio on asymmetrical HGJBs 
To study the effect of groove-depth ratio on the performance of asymmetrical two-layer 
HGJBs, we assume that the depth of the grooves in Part I is not equal to the depth of 
grooves in Part II (Fig.2-2), even though in each part the groove depth is the same 
respectively. We set hg1:c=1.0 and change the value of hg2:c from 0.2 to 1.0, thus 
hg2:hg1 will vary from 0.2 to 1.0, while other geometrical parameters of the two parts are 
the same (such as L1=L2, α1=α2 and so on.). The numerical results are shown in Figs.3-5 
to 3-8. 
 
3.3.2.1 The pressure and cavitation distribution due to the groove-depth ratio 
Fig.3-5 shows the pressure profiles along the grooves at 9817.02 =xπ  (or 15625.0=x ) 
in the fluid film. Just like what we have discussed above, in this case, the groove where 
15625.0=x  in the x  axis is still located in the convergent region of the fluid film. 
Figs.3-6 and 3-7 present the pressure and cavitation distribution of the fluid film due to 
the variance of the groove-depth ratio (hg2:hg1=0.2∼1) under a constant eccentricity ratio 
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( 80.0=ε ).  Fig.3-5 shows that, at a constant eccentricity ratio, the maximum pressure 
along this groove is always located at the apex of the herringbone groove, even though 
the groove-depth ratio (hg2:hg1) varies from 0.20 to 1.0. At a constant groove-depth ratio, 
the maximum pressure along the groove is still located at the apex of the herringbone 
grooves, even though the eccentricity ratio of the asymmetrical HGJBs varies from 0.02 
to 0.80. Figs.3-5 to 3-7 show that, at a constant eccentricity ratio, when the groove-depth 
ratio is not equal to 1, the pressure and cavitation distribution is not symmetrical. This is 
because that different grooves’ depth has different pumping effect to the fluid, causing 
that the pressure field and the cavitation distribution are different from each other. The 
bigger the groove depth is, the stronger of the groove’s pumping effect. As shown in 
Fig.3-7, at a constant eccentricity ratio ( 80.0=ε ), when the groove-depth ratio (hg2:c) 
of Part II varies from 0.20 to 1.0, the variance of the cavitation region in Part II is very 
evident: the grooves which have a small groove-depth ratio have less pumping effect to 
the fluid than the grooves which have large groove-depth ratio, thus, there are big 
cavitation region in this part of the bearing. Fig.3-7 shows that, with the increase of 
hg2:c (from 0.2 to 1.0), the area of cavitatied region in Part II decreases evidently. 
 
3.3.2.2 The load capacity and attitude angle due to the groove-depth ratio 
Fig.3-8 shows the dimensionless load capacity and the attitude angle’s variance due to 
the groove-depth ratio (hg1:c, hg2:c or hg1:hg2) and the eccentricity ratio. Just like the 
plain journal bearings or the symmetrical HGJBs, in this kind of asymmetrical HGJBs, 
at a constant groove-depth ratio, with the increase of the eccentricity ratio, the 
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dimensionless load capacity will increases also (Fig.3-8a), while the attitude angle will 
decrease (Fig.3-8b). On the other hand, because of the grooves’ pumping effect to the 
fluid, at a constant eccentricity ratio, with the increase of the groove-depth ratio, the 
dimensionless load capacity will decrease. For attitude angle, only if the eccentricity 
ratio is not very large (for example when ε ≤0.65), then, at the same eccentricity ratio, 
with the increase of the groove-depth ratio, the attitude angle will decrease too. This is 
because when the eccentricity ratio is not very big, there is no cavitation in the fluid film, 
then with the increase of the groove-depth ratio, the attitude angle will decrease. When 
the eccentricity ratio increases to some critical values, the cavitation will occur in the 
fluid film and the increase of the cavitated region will largely decrease the attitude angle. 
In other words, once the cavitation occurs in the fluid film, the influence of the cavitated 
region area on the attitude angle is much stronger than that of the groove-depth ratio. 
Fig.3-8b shows that, when ε ≥0.70, with the increase of the groove-depth ratio (at the 
same eccentricity ratio), the attitude angle will increase also.  
 
3.3.2.3 Discussion 
In this part, the influence of the groove-depth ratio on the performance of asymmetrical 
HGJBs is studied. For this kind of asymmetrical HGJBs, because the two parts have 
different groove depth, so the grooves’ pumping effect in the two parts are different from 
each other. Thus, the pressure and cavitation distribution are different between the two 
parts, even though the biggest value of pressure is always located in the line of 
herringbone grooves’ apexes. In terms of load capacity and attitude angle, at the same 
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groove-depth ratio, with the increase of the eccentricity ratio, the dimensionless load 
capacity will increases, while the attitude angle will decrease (Fig.3-8). On the other 
hand, at a constant eccentricity ratio, the dimensionless load capacity decreases with the 
increase of the groove-depth ratio. However, for the attitude angle, only if the 
eccentricity ratio is not very large, then, at the same eccentricity ratio, with the increase 
of the groove-depth ratio, the attitude angle will decrease too. While the eccentricity 
reaches at some critical values, because of the grooves’ pumping effect and the 
cavitation’s influence on the attitude angle together, with the increase of the 
groove-depth ratio (at the same eccentricity ratio), the attitude angle will increase also 
(Fig.3-8b). 
 
3.4 Concluding remarks 
In this chapter, the modified Elrod’s algorithm is used to study the asymmetrical 
two-layer herringbone grooved journal bearings. The cases in which the two parts of 
HGJBs have different groove-length ratio and different groove-depth ratio are studied 
respectively. Just like plain journal bearings or symmetrical HGJBs, the load capacity of 
asymmetrical HGJBs increases with the increase of eccentricity ratio, while the attitude 
angle decreases with the increase of eccentricity ratio. Along the groove direction, the 
biggest value of pressure (in each groove) is always located at the apex of the 
herringbone groove. However, the pressure and cavitation distribution is not 
symmetrical, and it will vary with the variance of the groove-length ratio or the 
groove-depth ratio ratio, because the groove-length ratio and its groove-depth ratio will 
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influence the groove’s pumping effect on the fluid. 
 
In terms of dimensionless load capacity and attitude angle, for the asymmetrical HGJBs 
with different groove-length ratio, when the eccentricity ratio is not very large (ε ≤0.60, 
in case 5, Table 3-1, for example), no cavitation will occur in the fluid film, then it can 
be found that the influence of groove-length ratio on the load capacity and attitude angle 
is very small. However, with the increase of the eccentricity ratio, the cavitation will 
occur in the fluid film, and the influences of the groove-length ration on the load 
capacity and attitude angle become very evident.  
 
For the asymmetrical HGJBs with different groove-depth ratio, the dimensionless load 
capacity decreases with the increase of the groove-depth ratio (at a constant eccentricity 
ratio). However, for the attitude angle, only if the eccentricity ratio is not very large, 
then, at the same eccentricity ratio, with the increase of the groove-depth ratio, the 
attitude angle will decrease too. While the eccentricity ratio reaches at the critical values, 
some cavitation will occur in the fluid film, and with the increase of the groove-depth 




 Numerical Studies on Multiple-layer Herringbone Grooved 
Journal Bearings 
 
In this chapter, the same numerical model, the modified Elrod’s cavitation algorithm, is 
used to investigate the performance of the liquid-lubricated multiple-layer herringbone 
grooved journal bearings (HGJBs). In order to capture all of the groove boundaries, 
groove-shape-fitted grids and coordinate transformation method are used. Finite 
difference discretizing method and the ADI method are used to solve the governing 
equation. For the three-layer HGJBs, the effect of the length-to-diameter ratio (L/D) 
and the eccentricity ratio on the HGJBs’ performance is studied. For the four-layer 
HGJBs, the effect of L/D and eccentricity ratio is studied for different groove patterns. 
It was found that with the increase of L/D, the load capacity, the corresponding 
maximum pressure and the cavitation ratio will increase, both for the three-layer 
HGJBs and the four-layer HGJBs. 
 
4.1 Introduction: multiple-layer HGJBs 
With the trend of miniaturization and high-speed requirement in modern industry, 
much attention has been given to the use of fluid dynamic bearings, especially the 
herringbone grooved journal bearings (HGJBs). For example, in computer industry, the 
HGJBs are used in the spindle motors of hard disk drive (HDD) to replace the 
traditional ball bearings. Compared with the traditional ball bearings, the HGJBs have 
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considerably lower noise level, relatively higher stiffness and better stability, even 
worked under high rotational speeds. 
 
As introduced in Chapter One, the studies on herringbone grooved journal bearings were 
started very early. However, most of these studies are focused on two-layer HGJBs and 
only some work has been done on multiple-layer herringbone grooved journal bearings 
(Kawabata et al. (1989); Wan et al. (2002)). 
 
Compared with two-layer HGJBs, there are a lot of advantages for the multiple-layer 
HGJBs.  As shown in Fig.4-1a, three-layer HGJBs (also known as reversible HGJBs) 
can rotate in either direction, which means that the fluid speed in Fig.4-1a can be U1 or 
U2. In some practical applications, this ability is very important. It allows the HGJBs 
to be used in the required direction of rotation. The ability to rotate in both directions 
means that the HGJBs are always stable because of the herringbone groove’s pumping 
effect, regardless of the rotational direction. 
 
As shown in Fig.4-1, for the four-layer HGJBs, there are two sets of herringbone 
grooves on the outside surface of the shaft or on the inside surface of the bush. When a 
four-layer herringbone grooved journal bearing is in operation, there will be two 
pressure peaks along the journal bearing’s axial direction ( z -direction). These two 
pressure peaks will highly increase the journal bearing’s self-centered ability. So the 
four-layer HGJB’s reliability and stability will be much higher while compared with 
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the two-layer HGJBs. 
 
4.2 Numerical method and boundary conditions 
In this chapter, the performance of liquid-lubricated multiple-layer HGJBs (in terms of 
the load capacity, the attitude angle, the cavitation distribution and the pressure 
distribution) is analyzed by using the modified Elrod’s algorithm. As stated in Chapter 
2, the simplified two-dimensional Reynolds equation (Eq. (2.7)) is used as the 
governing equation for the multiple-layer herringbone grooved journal bearings, the 
groove-shape-fitted grids are constructed to accurately model the complex geometry of 
the groove patterns, and the coordinate transformation method is used to simplify the 
computation.  
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In this equation, all partial differential items are discretized by using the finite 
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difference method: the shear flow terms are discretized by the second order upwind 
scheme while others by the central difference scheme. Then the ADI method is used to 
solve the equation. The convergence criteria and the boundary conditions are the same 
with what stated in Chapter 2. 
 
4.3 Validations and discussions 
Based on the methodology and the boundary conditions mentioned above, a 
computational program is developed for the numerical studies of multiple-layer 
herringbone grooved journal bearings. Firstly, the program is validated by a case study 
on a three-layer herringbone grooved journal bearing. 
 
As shown in Fig.4-1a, a three-layer herringbone grooved journal bearing (also named as 
the reversible herringbone grooved journal bearing) can rotate in both directions. In the 
case study, let us assume that, inside the reversible herringbone grooved journal bearing, 
the lubricant flows along the circumferential direction with speed U1. Then, because of 
the herringbone grooves’ pumping effect, the lubricant is pushed into the bearing from 
region I to region II (in groove leg AB) and from region II to region I (in groove leg CB) 
along the herringbone grooves’ direction. In region III, to some extent, the lubricant will 
be pushed out along the grooves. Kawabata et al. (1989) studied the static characteristics 
of reversible rotation type HGJBs. The predicted dimensionless load capacities are 
compared in Fig.4-2. The geometrical and operating conditions, the boundary conditions 
are given in Table 4-1. 
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Kawabata et al. (1989)’s results showed that when the lubricating oil flows along the 
circumferential direction with speed U1 (Fig.4-1a), the pressure is not generated in 
region III because of oil film rupture. With the same consideration, our study shows 
that the predicted load capacities (curves a, b and c in Fig.4-2) by the present 
numerical method match well with Kawabata et al. (1989)’s results at small 
eccentricity ratios. However, the discrepancy is evident at large eccentricity ratios. 
This discrepancy might due to the negligence of cavitation in Kawabata et al. (1989)’s 
analysis. In our analysis, cavitation will occur in the fluid film at large eccentricity 
ratio. For the present study with submerged herringbone grooved journal bearings, the 
boundary pressure (in the axial direction) is constant. When the lubricant flows along 
the circumferential direction with speed U1 (Fig.4-1a) and the reversible HGJB works 
under large eccentricity ratios, once the rotation reaches the steady state, there will be 
just some cavitated regions in region III. In other words, the oil film does not rupture 
in the entire area of region III. The pressure can still be built up in region III, this is 
why the predicted dimensionless load capacities (curve d in Fig.4-2) are bigger than 
Kawabata et al. (1989)’s results. 
 
4.4 Results and discussions 
4.4.1 Numerical studies of reversible HGJBs 
Result on different grid points are presented in Table 4-3 for the reversible herringbone 
grooved journal bearings. The geometrical and operating conditions are presented in 
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Table 4-2, and the eccentricity ratio is equal 0.60. The grid points of 19, 31 and 43 in 
z -direction and 65, 97, 129 and 161 in x -direction are tested. Table 4-3 shows that, in 
z -direction, the difference between the results of 31 and 41 grid points is negligible. In 
x -direction, the difference between the results of 129 and 161 grid points is negligible 
also. Hence, further calculations are based on grid 129x31 for the reversible HGJBs.  
 
For reversible herringbone grooved journal bearings, the most important thing is that 
the shaft or bearing can rotate in either direction. In the present study, for the reversible 
HGJBs, static characteristics are studied. The parameters studied include the load 
capacity, the attitude angle, and the pressure and cavitation distribution etc. 
 
Table 4-2 shows the geometrical and operating conditions which are used in numerical 
studies. As shown in Fig.4-1, the grooves are cut equally around the circumference. 
For reversible HGJBs, they have three “legs”: AB, BC and CD. In this part, the case of 
reversible HGJBs with the same legs’ length (L1=L2=L3) but different 
length-to-diameter ratio (L/D) is studied. The numerical results are shown in Figs.4-3 
to 4-9. 
 
For the studied reversible HGJBs (Table 4-2), Figs.4-3 and 4-4 present the 
dimensionless load capacity and the attitude angle’s variance due to L/D and 
eccentricity ratio. Fig.4-3 shows that the reversible HGJBs’ dimensionless load 
capacity increases with the increase of the length-to-diameter ratio (L/D). 
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Figs.4-5 to 4-7 present the variation of the cavitation ratio and cavitation footprints due 
to the eccentricity ratio and the length-to-diameter ratio (L/D) for the reversible 
herringbone grooved journal bearings. These figures show that, with the increase of the 
eccentricity ratio, the cavitation will occur in the fluid film. At the same eccentricity 
ratio, the cavitation ratio and the area of cavitated region increase with the increase of 
L/D. When L/D is constant, the cavitation ratio and the area of cavitation region will 
increase with the increase of eccentricity ratio.  
 
The dimensionless pressure distributions along the grooves are shown in Figs.4-8 and 
4-9, for the convergent region and divergent region respectively. These figures show 
that along the same groove, the pressure at apex B (Fig.4-1) is always bigger than the 
pressure of its neighboring points. This is valid for both convergent and divergent 
region with all eccentricity ratio range considered. It is because of the herringbone 
grooves’ pumping effect: along the same groove, the lubricant is pumped into the 
journal bearing in region I from A to B, and in region II from C to B for the reversible 
HGJBs. In region III, the lubricant is always pushed out of the journal bearing along 
the groove from C to D, while in region II, the lubricant is pumped from C to B. So, 
the pressure at apex C is always smaller than the pressure of its neighboring points 
(except that apex C locates in the cavitated region where the pressure is equal to the 
cavitation pressure cP ). 
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4.4.2 Numerical studies of four-layer HGJBs 
For four-layer HGJBs, there are four “legs” for each herringbone groove (AB, BC, CD 
and DE in Fig.4-1). For different groove patterns, the groove-length ratio 
(L1:L2:L3:L4=AB:BC:CD:DE) is not the same. By using the above mentioned 
methodology and the shown conditions in Table 4-2, the influence of the groove-length 
ratio (L1:L2:L3:L4) on the performance of the HGJBs is studied. The influence of 
length-to-diameter (L/D) on the performance of HGJBs is investigated also.  
 
4.4.2.1 Grid dependent study for the four-layer HGJBs 
By using the geometrical and operating conditions (shown in Table 4-2), the grid 
dependent is carried out for the four-layer HGJBs with groove-length ratio 
L1:L2:L3:L4=5:5:5:5 and the eccentricity ratio 0.1/60.0 == DLandε . The results are 
shown in Table 4-4. The grid points of 25, 33, 41 and 49 in z -direction and grid points 
of 65, 97, 129 and 161 in x -direction are tested respectively. Table 4-4 shows that, in 
z -direction, the difference between the results of 31 and 41 grid points is negligible. In 
x -direction, the error on the load capacity, attitude angle and maximum pressure 
between 129 and 161 points is negligible also. Hence, further numerical studies for the 
four-layer HGJBs are based on grid 129x41. 
 
4.4.2.2 Effect of groove-length ratio on load capacity and attitude angle 
To study the effect of groove-length ratio (L1:L2:L3:L4) on load capacity and attitude 
angle, we set the L/D=1 (in Table 4-2). The numerical results are shown in Figs.4-10 




Fig.4-10 shows that, at small eccentricity ratio, the dimensionless load capacity of 
four-layer HGJBs is almost the same for all of the groove-length ratios considered. For 
each groove pattern, with the increase of eccentricity ratio, the HGJBs’ dimensionless 
load capacity will increase also. At medium or large eccentricity ratio, the value of the 
dimensionless load capacity is different from each other for different groove patterns 
(with different value of groove-length ratio).  
 
Fig.4-11 shows the influence of groove-length ratio (L1:L2:L3:L4) and eccentricity ratio 
on the four-layer HGJBs’ attitude angle. At the same eccentricity ratio, there are 
different attitude angles for different groove patterns with different groove-length ratio. 
For the same four-layer HGJB, with the increase of the eccentricity ratio, the attitude 
angle will decrease. 
 
Figs.4-10 and 4-11 show that at medium and large eccentricity ratio, the variation of 
the dimensionless load capacity and attitude angle is larger than that in small 
eccentricity ratio. 
 
4.4.2.3 Effect of groove-length ratio and eccentricity ratio on cavitation and 
pressure distribution 
Fig.4-12 shows the cavitation ratio due to different groove-length ratio (L1:L2:L3:L4). 
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With the increase of eccentricity ratio, cavitation will occur in the fluid film of 
four-layer HGJBs. Once the cavitation occurs in the fluid film, at the same eccentricity 
ratio, the cavitation ratio is different each other for different groove patterns. 
 
For the case of four-layer HGJBs with L/D=1.0 and different groove patterns (different 
groove-length ratio (L1:L2:L3:L4)), the cavitation distribution is shown in Figs.4-13 and 
4-14. The pressure distribution along the grooves is shown in Figs.4-15 to 4-18 for the 
convergent and divergent regions respectively. These figures show that, for the same 
groove pattern, with the increase of the eccentricity ratio, the area of cavitated region, 
the corresponding maximum pressure value (along the groove in the convergent region) 
will increase. 
 
For the symmetrical four-layer HGJBs (in which the groove-length ratio is 5:5:5:5, 
6:4:4:6 and 7:3:3:7 respectively), Figs.4-13 and 4-15 show that, when the value of 
groove-length ratio (L1:L2:L3:L4) change from 5:5:5:5 to 6:4:4:6 and to 7:3:3:7, at the 
same eccentricity ratio, the area of the cavitated region will decrease; the corresponding 
maximum pressure value (along the groove in the convergent region) will increase 
(Fig.4-15). This is because of the herringbone groove’s pumping effect. The longer the 
groove leg (leg AB and ED, connected with the boundaries in the axial direction, Fig.4-1) 
is, the stronger pumping effect, because more lubricant can be pumped inward the 
journal bearing from boundaries. The cavitation is often caused by the fall of pressure in 
the lubricant, so, inside the fluid film of the HGJBs, the herringbone grooves’ pumping 
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effect can prevent the formation of cavitation, or reduce the area of caivtated region to 
some extent. 
 
For the four-layer HGJBs (shown in Fig.4-1), when the shaft or the bush rotates, leg AB 
and BC form a set of herringbone grooves, through which the lubricant is pumped to 
apex B. Leg CD and DE form the other set of herringbone grooves, pumping the 
lubricant to apex D. In the other words, in the four-layer HGJBs, along the herringbone 
grooves, the lubricant is always pumped towards apex B and D from the boundaries. 
And a little lubricant is relatively pumped away from apex C. This characteristic of the 
four-layer HGJBs is shown in Figs.4-15 to 4-18. Along the grooves, the pressure at the 
apexes B and D is always higher than that of their neighbour points, while the pressure 
at apex C is always lower than that of its neighbour points, not only in the convergent 
region, but also in the divergent region (except that apex C is located in the cavitated 
region). 
 
4.4.2.4 Effect of length-to-diameter ratio (L/D) on the performance of four-layer 
HGJBs 
To study the effect of length-to-diameter (L/D) on the performance of four-layer 
HGJBs, the value of L/D is varied from 1.0 to 3.0 (Table 4-2), while other geometrical 
and operating conditions are kept the same.  
 
Figs.4-19 to 4-23 shows the dimensionless load capacity and attitude angle’s variance 
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due to the length-to-diameter ratio (L/D). For the same groove patterned four-layer 
HGJBs, with the increase of L/D, the dimensionless load capacity will increase, and 
the areas of the cavitated region will increase also, as shown in Figs.4-24 to 4-28. 
Figs.4-29 to 4-31 show that, for the four-layer HGJBs with the same groove patterns, 
with the increase of L/D, the corresponding maximum pressure (in the convergent 
region and at the same z  coordinate) will increase, while the pressure in the divergent 
region will decrease except within the cavitated region. (Here and in all other figures 
about the pressure distribution in this paper, the coordinate x  and z  is the 
dimensionless coordinate x  and z , for simplicity, the bar notation “-” is omitted).  
 
For the four-layer HGJBs, which have the same groove pattern (the same 
groove-length ratio (L1:L2:L3:L4)), when L/D is increased from 1.0 to 3.0, the total 
length (L) of the journal bearing (L=L1+L2+L3+L4) is increased (diameter D is 
assumed to be constant). This implies that in each layer, the length of the groove leg is 
increased. Then the groove’s pumping effect will increased also. This is the main 
reason that with the increase of L/D, the corresponding maximum pressure along the 
groove (in the convergent region of the fluid film) will increase (as shown in Figs.4-29 
and 4-30). On the other hand, with the increase of the total length of the journal 
bearing, the total area of the fluid film (inside the journal bearing) will increase too. 
For the four-layer herringbone grooved journal bearings, when the journal or the 
bearing rotates, the lubricant will flow along the circumferential direction inside the 
journal bearing (shown in Fig.4-1). So, it is possible that the increase of the total area 
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of the fluid film means the increase of the needed fluid moving along the 
circumferential direction inside the journal bearing. This implies that more fluid is 
brought from the divergent region to the convergent region before the rotation reaches 
the steady state inside the journal bearing. To some extent, this will cause: (a) the 
increase of area of cavitated region (as shown in Figs.4-24 to 4-28), and (b) the 
decrease of the pressure in the divergent region (as shown in Fig.4-31). The above 
results are for the case of submerged journal bearings with the boundary condition 
assumed at atmospheric pressure. 
 
4.5 Concluding remarks 
In this chapter, a modified Elrod’s cavitation algorithm model is used to investigate the 
performance of multiple-layer herringbone grooved journal bearings. The reversible 
HGJBs and the symmetrical and asymmetrical four-layer HGJBs are considered 
respectively. For the four-layer HGJBs, the groove patterns studied are for the 
groove-length ratio of L1:L2:L3:L4=5:5:5:5; 6:4:4:6; 7:3:3:7; 6:4:6:4 and 7:3:7:3. It is 
found that, for the four-layer HGJBs with different groove patterns (different 
groove-length ratio), when the eccentricity ratio is small, their dimensionless load 
capacity is almost the same (Fig.4-10). However, their attitude angle and pressure 
distribution are different from each other. At medium or large eccentricity ratios, the 
dimensionless load capacity is not the same also. 
 
Compared with the plain journal bearings, inside the HGJBs, the lubricant’s flow is 
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more complex. On one side, the lubricant will flow along the herringbone grooves 
(because of the herringbone grooves’ pump effect), while at the same time the lubricant 
will flow along the circumferential direction inside the journal bearings (because of the 
journal bearing’s viscous pump effect). With the increase of L/D, the dimensionless 
load capacity and the corresponding maximum pressure (in the convergent) will 
increase, both for the reversible HGJBs and for the four-layer HGJBs. And with the 
increase of L/D, the area of caivtated region and the cavitation ratio will increase too. 
 
Both for reversible HGJBs and for four-layer HGJBs, for the same HGJBs, with the 
increase of the eccentricity ratio, the dimensionless load capacity will increase, while 
the attitude angle will decrease. At small eccentricity ratio, often there will be no 
cavitation inside the fluid film, however, when the eccentricity ratio increase to some 
critical value, the cavitation will occur inside the fluid film. Once the cavitation occurs 
inside the fluid film of the journal bearing, with the increase of the eccentricity ratio, 




Chapter 5  
Conclusions and Recommendations 
 
5.1 Conclusions 
The present work is focused on the numerical study of the herringbone grooved journal 
bearings (HGJBs). A numerical model – the modified Elrod’s algorithm – is used to 
study the performance of the HGJBs (such as the load capacity, the attitude angle, the 
pressure and cavitation distribution, etc.). Considering that the caviation may occur 
inside the lubricant, this numerical model is very powerful to deal with this kind of 
problems, because: 
(a). By incorporating the JFO theory (Jakobsson and Floberg, 1957; Olsson, 1965) 
into the Elrod’s algorithm (Elrod and Adams, 1974; Elrod, 1981), this 
numerical model avoids the complicated boundary conditions of the formation 
and rupture of the cavitation. 
(b). This model automatically implements the JFO theory: mass conservation is 
preserved within the whole fluid film. 
(c). To capture all of the groove boundaries, the groove-shape-fitted grids are 
constructed and the groove apex singularity is avoided. 
 
To study the herringbone grooves’ pumping effect, some cases of the symmetrical 
two-layer herringbone grooved journal bearings are studied. By engraving herringbone 
grooves on the inside surface of the sleeve or on the outside surface of the shaft, the 
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journal bearing’s stability is increased evidently: the herringbone grooved journal 
bearing is free from one of the unstable conditions – the half-frequency whirl. This is 
because of the herringbone grooves’ pumping effect: the lubricant is pumped into the 
journal bearing along the grooves, thus the pressure is built up along the grooves. 
When the HGJBs work at high rotating speed and low or non eccentricity ratio, this 
kind of pressure will high increased the shaft’s self-centered ability, thus it will be 
more stable, compared with the plain journal bearings. 
 
With the increase of the eccentricity ratio, the cavitation may occur in the fluid film of 
the HGJBs, both for the plain journal bearings and for the HGJBs. However, at the 
same eccentricity ratio, the cavitation ratio of the HGJB is much less than that of the 
plain journal bearing. And also it is found that, while working at the same eccentricity 
ratio, the HGJB’s load capacity is less than that of the plain journal bearing. 
 
For the asymmetrical two-layer herringbone grooved journal bearings, the effect of the 
groove-length ratio and the groove-depth ratio on the HGJBs’ performance is 
investigated. It is found that, for the asymmetrical groove patterns, the pressure and 
cavitation distribution within the fluid film of the journal bearing is asymmetrical. The 
influence of the groove-length ratio or the groove-depth ratio on the herringbone 
grooves’ pumping effect is very evident. 
 
In terms of dimensionless load capacity, for the asymmetrical two-layer HGJBs with 
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different groove-length ratio, when the eccentricity ratio is small, no cavitation may 
occur in the fluid film, then it is found that the influence of groove-length ratio on the 
load capacity can be negligible. However, with increasing eccentricity ratio, the 
cavitation will occur in the fluid film, and the influences of the groove-length ratio on 
the load capacity become very evident. For the asymmetrical two-layer HGJBs with 
different groove-depth ratio, the dimensionless load capacity decreases with the increase 
of the groove-depth ratio (at a constant eccentricity ratio). 
 
The multiple-layer HGJBs have many advantages compared to the two-layer HGJBs. 
The reversible HGJBs can rotate in either direction. And they are always stable, 
regardless of the rotational direction. When the four-layer herringbone grooved journal 
bearing works, there will be two pressure peak along the axial direction of the journal 
bearing, which will highly increase the journal bearing’s self-centered ability, thus, the 
four-layer HGJB’s reliability and stability is much higher than that of the two-layer 
HGJB. 
 
For the multiple-layer HGJBs, it is found that, with the increase of L/D, the 
dimensionless load capacity and the corresponding maximum pressure (in the 
convergent) will increase, both for the reversible HGJBs and for the four-layer HGJBs. 
Increasing L/D, the area of caivtated region and the cavitation ratio will increase also. 
 
For a multiple-layer HGJB, with the increase of the eccentricity ratio, the 
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dimensionless load capacity will increase, while the attitude angle will decrease. At 
small eccentricity ratio, often there will be no cavitation inside the fluid film, however, 
when the eccentricity ratio increase to some critical value, the cavitation will occur 
inside the fluid film. Once the cavitation occurs inside the fluid film of the journal 




Our research is focused on studying the performance of the herringbone grooved 
journal bearings, such as the load capacity, the attitude angle (the stability), the 
pressure distribution and the cavitation phenomenon, for the symmetrical and 
asymmetrical two-layer HGJBs and for the multiple-layer HGJBs (the reversible 
HGJBs and the four-layer HGJBs) respectively. However, for the study of the 
herringbone grooved journal bearings, there are still a lot of works which can be 
carried on. Here are some recommendations for the future research. 
 
Our numerical studies are focused on the submerged boundary conditions. Few 
experimental results can be found at present about the HGJBs under this kind of 
boundary conditions. If possible, some experiment can be conducted to validate the 
numerical results. On the experiment, the boundary conditions and the misalignment of 
the shaft and sleeve of the journal bearing should be paid attention to, because for the 
numerical research, the influence of the input boundary conditions is very important. 
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For the vertical journal bearings, no matter whether they are symmetrical HGJBs or 
asymmetrical HGJBs, for the future numerical studies, it is recommended to consider 
the influence of the lubricant’s gravity force. This will be very important for 
developing leakage-free journal bearings. 
 
For the plain journal bearings which work under the dynamical-load condition, some 
research works have been done by Jacobson and Hamrock (1983) and Brewe (1986). 
For the future research, some numerical or experimental study may be done for HGJBs 
worked operating under the dynamical-load conditions. However the numerical study 
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Fig.2-4b Film thickness distribution for a herringbone grooved journal bearing 
Fig.2-4 Nondimensional film thickness distribution along the circumference coordinate 
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Fig.2-5 Comparison of predicted pressure distribution and experimental data for the 
plain journal bearing (Case 1, Table 2-1) 
 






















































































































(b). For Plain-JBs 









































 (b). For Plain-JBs 









































(b). For Plain-JBs 







































(b). For Plain-JBs 









































(b). For Plain-JBs 
Fig.2-9e Dimensionless pressure distribution at ε =0.10 
Fig.2-9 Comparison of the dimensionless pressure distribution between the HGJBs and 































































(b). For Plain-JBs 
Fig.2-10 Dimensionless pressure profile (along the middle line) due to the eccentricity 






























































































































Fig.2-11d Middle line’s dimensionless pressure profile at ε =0.08 
Fig.2-11 Comparison of the dimensionless pressure (along the middle line) between 






































(b). For Plain-JBs 











































(b). For Plain-JBs 
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(b). For Plain-JBs 
















































(b). For Plain-JBs 
Fig. 2-12d Dimensionless pressure distribution at ε =0.80 
Fig.2-12 Comparison of the dimensionless pressure distribution between the HGJBs 














































Fig.2-14b Cavitation distribution for Plain-JBs at ε =0.80 
 
































































































































































































Fig.3-1f Pressure distribution along grooves at 9817.02 =xπ  for ε =0.80 
 
Fig.3-1 Pressure distribution (along the grooves at 9817.02 =xπ  or 15625.0=x ) due 

















Fig.3-2a Dimensionless pressure distribution for HGJBs 











Fig.3-2b Dimensionless pressure distribution for HGJBs 











Fig.3-2c Dimensionless pressure distribution for HGJBs 











Fig.3-2d Dimensionless pressure distribution for HGJBs 












Fig.3-2e Dimensionless pressure distribution for HGJBs 
 for L1:L2=0.70:0.30 at ε =0.80 
 
Fig.3-2 Dimensionless pressure distribution due to the groove-length ratio (L1:L2) for 
























































Fig.3-3e Cavitation distribution for HGJBs for L1:L2=0.70:0.30 at ε =0.80 
 
Fig.3-3 Cavitation distribution due to the groove-length ratio (L1:L2) 





















































Fig.3-4b Attitude angle due to the groove-length ratio 
Fig.3-4 The load capacity and the attitude angle due to the groove-length ratio and the 














































































































































































Fig.3-5f Pressure distribution along grooves at 9817.02 =xπ for ε =0.80 










































Fig.3-6d Dimensionless pressure distribution for HGJBs for hg1:hg2=1:1 at ε =0.80 
Fig.3-6 Dimensionless pressure distribution due to the groove-depth ratio (hg1:hg2) for 












































Fig.3-7d Cavitation distribution for HGJBs for hg1:hg2=1:1 at ε =0.80  
Fig.3-7 Cavitation distribution due to the groove-depth ratio for HGJBs (Case 6 of 




























































Fig.3-8b Attitude angle due to the groove-depth ratio 
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Fig.4-1d: Four-layer HGJBs (Type c: L1=L3, L2=L4) 










































Fig.4-2 Comparison of dimensionless load capacity with Kawabata(1989)’s data for 






































































































Fig.4-6 Reversible HGJBs’ cavitation distribution due to different length-to-diameter 
ratio (L/D) at CP =-1.0, BP =0.0, and ε=0.60 
 
 
Fig.4-7a: L / D=1.0 
 
Fig.4-7b: L / D=2.0 
 
Fig.4-7c: L / D=3.0 
Fig.4-7 Reversible HGJBs’ cavitation distribution due to different length-to-diameter 




















































































































































Fig.4-8-e: At x=0.15625 and ε=0.80 
Fig.4-8 Pressure distribution (along the groove in the convergent region) due to the 





























Fig.4-9 Pressure distribution along the groove at x=0.65625 and ε=0.80 in the 






















































































Fig.4-12 Cavitation ratio due to different groove-length ratio (L1:L2:L3:L4) for 




Fig.4-13a: For L1:L2:L3:L4=5:5:5:5, ε=0.60 
 
Fig.4-13b: For L1:L2:L3:L4=6:4:4:6 at ε=0.60 
 
Fig.4-13c: For L1:L2:L3:L4=7:3:3:7 at ε=0.60 
 
Fig.4-13d: For L1:L2:L3:L4=5:5:5:5 at ε=0.80 
 
Fig.4-13e: For L1:L2:L3:L4=6:4:4:6 at ε=0.80 
 
Fig.4-13f: For L1:L2:L3:L4=7:3:3:7 at ε=0.80 
Fig.4-13 Cavitation distribution due to different groove-length ratio (L1:L2:L3:L4) for 


















Fig.4-14d: For L1:L2:L3:L4=7:3:7:3, L/D=1.0 and ε=0.80 
 
Fig.4-14 Cavitation distribution due to different groove-length ratio (L1:L2:L3:L4) for 






















































































































































Fig.4-15e: Pressure distribution due to groove-length ratio (L1:L2:L3:L4) at x=0.15625 
and ε=0.80  
Fig.4-15 Symmetrical four-layer HGJBs’ pressure distribution along the groove (in the 



























Fig.4-16 Symmetrical four-layer HGJBs’ pressure distribution (along the groove in the 






























Fig.4-17 Asymmetrical four-layer HGJBs’ pressure distribution (along the groove in 
the convergent region) due to groove-length ratio (L1:L2:L3:L4) at x=0.15625 and 

































Fig.4-18 Asymmetrical four-layer HGJBs’ pressure distribution (along the groove in 































































Fig.4-19 Dimensionless load capacity and attitude angle due to length-to-diameter 































































Fig.4-20 Dimensionless load capacity and attitude angle due to length-to-diameter 


























































Fig.4-21 Dimensionless load capacity and attitude angle due to length-to-diameter 































































Fig.4-22 Dimensionless load capacity and attitude angle due to length-to-diameter 
































































Fig.4-23 Dimensionless load capacity and attitude angle due to length-to-diameter 








Fig.4-24a: For L1:L2:L3:L4=5:5:5:5, ε=0.80 and L/D=1.0 
 
Fig.4-24b: For L1:L2:L3:L4=5:5:5:5, ε=0.80 and L/D=2.0 
 
Fig.4-24c: For L1:L2:L3:L4=5:5:5:5, ε=0.80 and L/D=3.0 




Fig.4-25a: For L1:L2:L3:L4=6:4:4:6, ε=0.80 and L/D=1.0 
 




Fig.4-25c: For L1:L2:L3:L4=6:4:4:6, ε=0.80 and L/D=3.0 




Fig.4-26a: For L1:L2:L3:L4=7:3:3:7, ε=0.80 and L/D=1.0 
 
Fig.4-26b: For L1:L2:L3:L4=7:3:3:7, ε=0.80 and L/D=2.0 
 
Fig.4-26c: For L1:L2:L3:L4=7:3:3:7, ε=0.80 and L/D=3.0 








Fig.4-27a: For L1:L2:L3:L4=6:4:6:4, ε=0.80 and L/D=1.0 
 
Fig.4-27b: For L1:L2:L3:L4=6:4:6:4, ε=0.80 and L/D=2.0 
 
Fig.4-27c: For L1:L2:L3:L4=6:4:6:4, ε=0.80 and L/D=3.0 




Fig.4-28a: For L1:L2:L3:L4=7:3:7:3, ε=0.80 and L/D=1.0 
 




Fig.4-28c: For L1:L2:L3:L4=7:3:7:3, ε=0.80 and L/D=3.0 








































































































































Fig.4-29-e: For L1:L2:L3:L4=5:5:5:5 at x=0.15625 and ε=0.80 
Fig.4-29 Pressure distribution (along the groove in the convergent region) due to 














































































































Fig.4-30d: For L1:L2:L3:L4=7:3:7:3 at x=0.15625 and ε=0.80 
Fig.4-30 Pressure distribution (along the groove in the convergent region) due to 





































































































































Fig.4-31e: For L1:L2:L3:L4=7:3:7:3 at x=0.65625 and ε=0.80 
Fig.4-31 Pressure distribution (along the groove in the divergent region) due to 






Table 2-1   Geometrical dimension and operating conditions 
 Case 1 (Plain-JB) Case 2 (HGJBs)
Number of grooves 0 8
c (m) 1.455x10-4 6.0x10-6 
R (m) 0.05 0.002
L / D 4 / 3 1.0
ε 0.61 0.60
ωs -48.1(rad/s) 5000(rpm)
β [N/m2] 1.72x109 1.72x109
µ [N/m2] 0.0127 0.00124
PB [N/m2] 0.0 0.0
Pc [N/m2] -72139.79 -72139.79
α [deg.] 70.0
hg1 / c 0.0 1.0
hg2 / c 0.0 1.0
wg / wr 1.0
 
 
Table 2-2 Geometrical and operating conditions of HGJBs 
 Case 3 (HGJBs) Case 4 (Plain-JBs)
Number of grooves 8 0
c(m) 6.0x10-6 6.0x10-6
R (m) 0.002 0.002
L / D 1.0 1.0
ε 0.01∼0.80 0.01∼0.80
ω (rpm) 5000 5000
β [N/m2] 1.72x109 1.72x109
µ [N/m2] 0.00124 0.00124
hg1 / c 1.0 0
hg2 / c 1.0 0
α [deg.] 70
wg / wr 1.0
PB [N/m2] 0.0 0.0





Table 2-3 Grid dependent study for the two-layer HGJBs 
 Load Capacity Attitude angle Maximum Pressure 
Grid Value Error (%) Value Error (%) Value Error (%) 
129x11 5.6775   68.5760  5.4827   
129x21 5.9541  1.1890 65.3730 1.1956 6.1697  2.9479  
129x31 6.0432  0.3713 64.3880 0.3795 6.2620  0.3712  
       
65x21 6.3186   62.4720  6.3505   
97x21 6.1073  0.8502 64.0730 0.6326 6.2549  0.3792 
129x21 5.9541  0.6351 65.3730 0.5021 6.1697  0.3429 
161x21 5.8471  0.4533 66.3030 0.3531 6.0778  0.3752 
 
 
Table 3-1 Geometrical and operating conditions of HGJBs 
 Case 5 Case 6 
Number of grooves 8 8 
c(m) 6.0x10-6 6.0x10-6 
R (m) 0.002 0.002 
L / D 1.0 1.0 
ε 0.01∼0.80 0.01∼0.80 
ω (rpm) 5000 5000 
β [N/m2] 1.72x109 1.72x109 
µ [N/m2] 0.00124 0.00124 
L1 / L ∗ variable 0.50 
L2 / L ∗ variable 0.50 
hg1 / c 1.0 ∗ variable 
hg2 / c 1.0 ∗ variable 
α1 [deg.] 70 70 
α2 [deg.] 70 70 
wg / wr 1.0 1.0 
PB [N/m2] 0.0 0.0 








Table 4-1 Geometrical and operating conditions of HGJBs 
 Reversible HGJBs Symmetrical HGJBs
Number of grooves 8 8 
hg / c 1 1 
L / D 2.0 1.0/2.0 
ε 0.02∼0.80 0.02∼0.80 
β  23854 23854 
α [deg.] 30 30 
wg / wr 1.0 1.0 
BP  0.0 0.0 
CP  -1.0 -1.0 
 
 
Table 4-2 Geometrical and operating conditions of multilayer-groove HGJBs 
 Reversible HGJBs Four-layer HGJBs 
Number of grooves 8 8 
hg / c 1 1 
L / D 1.0/2.0/3.0 1.0/2.0/3.0 
ε 0.02∼0.80 0.02∼0.80 
β  23854 23854 
α [deg.] 70 70 
wg / wr 1.0 1.0 
BP  0.0 0.0 
CP  -1.0 -1.0 











Table 4-3 Grid dependent study for the reversible HGJBs 
 Load Capacity Attitude angle Maximum Pressure 
Grid Value Error (%) Value Error (%) Value Error (%)
129x19 3.0249   86.0540  1.3939   
129x31 3.0385  0.1121 85.7380 0.0920 1.4090  0.2694 
129x43 3.0440  0.0452 85.6490 0.0260 1.4116  0.0461 
       
65x31 3.0864   85.8220  1.3669   
97x31 3.0563  0.2450 85.7310 0.0265 1.3967  0.5392 
129x31 3.0385  0.1460 85.7380 0.0020 1.4090  0.2192 
161x31 3.0278  0.0882 85.7850 0.0137 1.4151  0.1080 
 
 
Table 4-4 Grid dependent study for the four-layer HGJBs 
 Load Capacity Attitude angle Maximum Pressure 
Grid Value Error (%) Value Error (%) Value Error (%) 
129x25 3.1434   81.3400  1.1654   
129x33 3.1506  0.0572 80.9380 0.1239 1.1762  0.2306  
129x41 3.1555  0.0389 80.7770 0.0498 1.1818  0.1187  
129x49 3.1591  0.0285 80.7260 0.0158 1.1850  0.0676  
       
65x41 3.2023   81.5750  1.1946   
97x41 3.1750  0.2140 81.0090 0.1741 1.1752  0.4093 
129x41 3.1555  0.1540 80.7770 0.0717 1.1818  0.1400  
161x41 3.1422  0.1056 80.7010 0.0235 1.1850  0.0676  
 
